Adding reagents to drops is one of the most important functions in droplet-based microfluidic systems; however, a robust technique to accomplish this does not exist. Here, we introduce the picoinjector, a robust device to add controlled volumes of reagent using electromicrofluidics at kilohertz rates. It can also perform multiple injections for serial and combinatorial additions.
electrocoalescence | high-throughput biology | in vitro compartmentalization I n droplet-based microfluidics, drops are used as "test tubes" for reactions (1, 2) ; the drops can be formed (3, 4) , filled with reagents (2) , and sorted (5) at kilohertz rates. The advantage of droplet-based microfluidics is the separation between reagent containment and fluidic control; the reagent is contained within the drop, while fluidic control is achieved with the inert continuous phase. This ability proves useful for a range of applications, from single-cell studies and directed evolution (6) to genetic sequencing. To carry out complex experiments like these, the microfluidic devices must perform several functions on each drop; these include encapsulating beads, cells, and reagents within the drops and optically assaying their contents (7) (8) (9) (10) . Another essential function is the addition of reagent into each drop; this is particularly important when performing multistep reactions, which require mixing new reagents at different times. This can be accomplished by several methods: For example, using a T-junction device, reagents can be added to drops (11, 12) ; unfortunately, however, this cannot be used with stable emulsions, because the surfactants prevent reagents from entering the drops. This is a significant limitation, because stability is essential to ensure that drops in contact do not merge and their contents remain isolated. Alternatively, pairs of drops can be merged with electro-coalescence (13) . In this elegant approach, a drop containing reagent is interspersed in the flow with a drop containing the target; the pairs are merged by applying an electric field. However, it is difficult to perform multiple additions with this technique, due to the need to synchronize several streams of drops. Thus, to realize the full potential of droplet-based microfluidics, a robust technique for adding reagents is needed.
In this paper we present a robust technique to add reagents to individual drops using electro-microfluidics. We use a pressurized channel to inject a controlled volume of reagent into each drop, triggered by an electric field. By adjusting the drop velocity and injection pressure, we control the volume injected with subpicoliter precision. By switching the electric field on and off, we inject drops selectively, at kilohertz rates. By using several picoinjectors in combination, each separately controlled by an electric field, we perform serial and combinatorial injections.
We combine the picoinjector with a spacer junction; the drops enter the device at high volume-fraction and pass through a narrow channel that forces them into single file (Fig. 1, left) . Oil is added from a side channel, increasing the spacing between the drops. The picoinjector consists of a pressurized channel containing the reagent to be added and a positive and negative electrode (Fig. 1, center) . When a drop flows by the picoinjector, the electrodes are energized; this destabilizes the water/oil interfaces, allowing the reagent to enter the drop. The interface ruptures due to an electrically induced thin-film instability (14, 15) . The picoinjector is maintained at a high pressure, causing fluid to be injected into the drop, as shown in the image. As the drop continues in its flow, it remains connected to the orifice of the picoinjector by a narrow bridge of fluid. The bridge eventually becomes unstable and breaks, detaching the drop. Once away from the electric field the drops regain their stability, so that even when in contact they do not merge, as shown to the far right in Fig. 1 .
A unique and valuable property of the picoinjector is that it can be switched at kilohertz speeds. This is possible due to the design of the picoinjection channel. The channel abruptly narrows to a small orifice; as a result, the interface between the reagent and the oil has a high curvature, creating a pressure differential between the injector and the oil channels. This pressure differential is approximately determined by the Laplace pressure,
where P in is the pressure of the injection fluid, P out the pressure in the flow channel, γ the water/oil surface tension, and r the radius of curvature of the interface in the orifice. The forces on the interface balance, maintaining a static equilibrium. If the reagent pressure is increased, it bulges farther into the oil, adopting a shape of higher curvature; this increases the Laplace pressure so that static equilibrium is maintained. Because the pressure fluctuates as the drops flow through the channel (16, 17) , the interface must move slightly to maintain the equality of the Laplace law. Such a quasi-static description is justified provided surface tension is large compared to flow stresses. To compare surface tension to inertial effects, we calculate the Weber of the injection phase We ¼ ρv 2 l∕γ, where ρ is the fluid density, v its velocity, and l the amplitude of the oscillation. For the peak velocity of the interface during picoinjection, We ∼ 10 −5 , indicating that inertial effects are negligible. Similarly, to compare surface tension to viscous shear effects, we calculate the Capillary number of the oil phase Ca ¼ μv∕γ, where μ is the fluid viscosity. During picoinjection Ca ∼ 10 −2 , indicating that viscous effects are also small. When the electric field is not activated, the drop slides over the interface without reagent injection, as shown in Fig. 2A and in Movie S1. However, when the electric field is activated, the interface is ruptured and the drop and reagent fluid merge, as shown in Fig. 2A and in Movie S2. Immediately upon injection, the bulge returns to its equilibrium position; this ensures injection of identical volumes into each drop; moreover, the drops need not enter at regular intervals.
The control afforded by the electric field enables high-speed switching, allowing a single drop within the flow to be injected. We demonstrate this by injecting every other drop, as shown in Fig. 2B , Upper. The switching is well enough controlled that more complex patterns can also be injected, as demonstrated in Fig. 2B , Lower (see also Movies S3 and S4). We can control injection at rates up to approximately 10 kHz; this is ultimately limited by the droplet detection speed.
We quantify the volume injected by measuring the change in the drop size. We record images of the drops during injection and measure the distance between their leading and trailing interfaces. Modeling them as cylinders with rounded ends, we determine the change in volume. This allows us to measure the volume injected to a precision of 0.1 pL, limited by our ability to optically resolve the interfaces. The volume injected is proportional to the injection velocity and injection time. By increasing the injection pressure, we increase the injection velocity, leading to a linear increase in the volume injected, as shown in Fig. 3A . By increasing the oil flow rate, we increase the velocity of the drops, thereby shortening the injection time. This leads to an inverse dependence of injection volume on oil flow rate, as shown in Fig. 3B . The upper and lower limits to the injection volume result from the precision with which the interface can be balanced in the orifice. For our device and for the fluids used here, we are able to inject a minimum volume of 0.1 pL and a maximum volume of 3 pL; these limits can be expanded by changing the dimensions of the microfluidic device. The electric field can also be used to control injection. When the voltage is less than 30 V, the water/oil interfaces are stable and no injection occurs; however, if it is increased above this threshold value, the interfaces are unstable so that a constant volume is injected, as shown in Fig. 3C . To track sources of injection variability, we measure the standard deviation in the volume injected into approximately 100 drops, plotted as error bars in Fig. 3 . The standard deviation is constant as a function of injection pressure, as shown by constant error bar length. As a function of continuous phase flow rate the injection variability decreases slightly; this may be due to the operation of our pumps, which tend to become more precise at higher flow rates. We also track variability resulting from differences in the initial drop size but do not find a correlation; this may be due to the small range of sizes, resulting from the monodispersity of our drops. With a larger range of sizes, a correlation may become evident, but this would not be representative of normal device operation. Thus, the volume injected can be controlled to subpicoliter precision by adjusting the injection pressure and oil flow rate; injection can be switched on and off by adjusting the electric field.
The picoinjector is compact, requiring a space of only a few hundred microns along the channel. This makes it easy to integrate the picoinjector with other components, such as drop formers and sorters or even additional picoinjectors. We demonstrate this with a device composed of three picoinjectors in series, as shown in Fig. 4 . Each picoinjector can be controlled independently: When the first is activated but the second and third are not, only the first injects, as shown in Fig. 4 . Similarly, we can activate each of the other two picoinjectors independently, as shown in Fig. 4 (see also Movie S5). This can be used to perform serial and combinatorial injections. Upon detecting a drop, a control computer can activate the picoinjectors in a specific combination. Subsequent drops can be injected with a different combination of reagent. Switching of the electrodes can be accomplished at rates of several kilohertz; thus, this serial array of picoinjectors can be used for rapid combinatorial screening.
The picoinjector is a robust and controlled device for injecting reagents into drops. It is fast, operating at several kilohertz. This makes it of general use for droplet-microfluidic applications, especially those that require high throughput. It should also be useful for applications requiring multiple additions or additions of different reagent combinations. This could be useful for chemical and biological screens and genetic sequencing (18-22) . Fig. 1 . Microfluidic device consisting of a droplet spacer and picoinjector. The spacer adds oil from a side channel to space the drops. The picoinjector injects fluid by merging the drops with a pressurized channel containing the reagent. Picoinjection is triggered by an electric field, which is applied by the electrodes.
A B Fig. 2 . The picoinjector can be switched on and off. This is possible because the injector channel begins wide and narrows to a small orifice; to pass through the orifice, the fluid must adopt a bulge with high curvature. This creates a Laplace pressure that balances the pressure differential between the injection and oil channels. (A) When the electrode is off, the drop slides over the bulge without injection, because surfactants prevent merger. By contrast, (B) when the electric field is activated, the drop merges with the reagent, causing fluid to be injected. By switching the field on and off, drops can be injected selectively. This can be used to inject every other drop (Upper) or to inject a more complex pattern (Lower).
Materials and Methods
Fabrication of the Microfluidic Devices. Our picoinjector devices are fabricated in poly(dimethylsiloxane) (PDMS) using the techniques of soft lithography (23) . The devices have channel heights between 25 and 50 μm. The picoinjectors require electrodes to trigger injection. To make the electrodes, we use a simple liquid-solder approach (24) . We fabricate empty microchannels in the shape of the electrodes; we heat the device and inject into these channels a low melting-point liquid solder. By cooling the device we solidify the solder, producing a metallic electrode in the shape of the channel. This allows fabrication of high-resolution electrodes.
Reagents. We inject into aqueous drops dispersed in an inert carrier oil. For the oil we choose the fluorocarbon oil HFE-7500, due to its inertness to proteins. To stabilize the drops, we use a triblock biocompatible fluorosurfactant (25) donated by RainDance Technologies. The surfactant has a hydrophilic poly(ethyleneglycol) (PEG) block flanked by two perfluorinated tails. The perfluorinated tails stabilize the drops against coalescence, while the PEG block coats the inner surface of the drop with a biocompatible layer that is resistant to protein adsorption. The surfactant is dissolved in the oil at 1.8% by weight. To visualize the amount of fluid injected, we inject a solution of bromphenol blue aqueous at 5 mM concentration. We also illuminate the sample with green light that is strongly absorbed by the dye; this makes the injected fluid appear dark black while the drops are clear.
Droplet Detection and Injection. We automate injection using a computer. The microfluidic device is placed on an inverted fluorescent microscope with a photo-multiplier tube (PMT) detector attached to its epifluorescence port. A laser is directed into the back of the microscope so that it is focused by the objective in front of the picoinjector. When a fluorescent drop passes though the laser spot, it emits light that is transmitted to the PMT. The PMT measures the fluorescence, outputting a voltage proportional to the intensity. The computer analyzes the peaks in the signal, to detect when drops are present. When a drop is detected the computer activates a high-voltage amplifier, outputting a voltage between 0-1000 V at a frequency of 20 kHz. This is applied to the electrodes, to trigger injection.
